Bacterial infections of the pulmonary system are increasing. With almost half of today's infections being caused by strains of bacteria that are resistant to existing conventional antibiotics, there is an urgent need for the development of novel therapeutic platforms. Silver nanoparticles (AgNPs) have been receiving increasing attention due to their unique antibacterial properties, and whilst the biological efficacy of silver is well known, the mechanisms by which AgNPs degrade within cells and how these processes correlate to their bioreactivity are poorly understood. This review summarises the current knowledge on the bactericidal pathways of AgNPs and discusses the challenges to be faced before we are able to develop efficient and safe antibacterial agents for the treatment of bacterial infections in the lung.
Introduction
Recent advances in the research and development of engineered nanomaterials have enabled a wide range of novel applications for commercial and industrial uses. One field that nanoparticles are expected to revolutionise is medicine, through the design of complex structures that can be targeted to specific tissues, have mechanisms for controlled release and evade rapid clearance. 1, 2 The lung is a particularly attractive target for nanomedicine, to treat pulmonary as well as systemic disease. Its large surface area and circumvention of first pass metabolism allow for high drug absorption. Moreover, inhalable drugs are non-invasive and can be self-administered, while their nano-size allows them to penetrate in the deep lung and reach the alveolar region more efficiently than larger particles. There are currently several types of nanoparticles being developed for respiratory applications, which aim to overcome the limitations of conventional drugs and be used for the treatment of numerous lung diseases, such as asthma, bacterial infections, emphysema, cystic fibrosis, cancer and others (Table 1) . 3 A major part of research on drug delivery nanoformulations has previously been devoted on "soft" nanoparticles, such as solid lipid nanoparticles, organic polymers and liposomes. 3 Recently there has also been a move toward the use of "hard" inorganic nanoparticles, like carbon nanotubes or noble metal nanoparticles. 1 In both cases, nanoparticles have often been used as vehicles for the administration of active pharmaceutical ingredients in the lungs. Silver has been used as a disinfectant since antiquity; 4 therefore silver nanoparticles are receiving increasing attention for their inherent antibacterial properties and have already been incorporated in several consumer products (e.g. wound dressings, antibacterial textiles, cosmetic and hygiene products, antibacterial sprays, nasal drops). Consequently, AgNPs represent an exciting opportunity for the development of platforms for the treatment of pulmonary bacterial infections.
Among lung diseases, invasive microbial infections affecting the lungs are increasing in incidence and diversity. 5 Although the lung is constantly exposed to potential infectious agents, the extraordinary natural defence mechanisms of the respiratory tract may, in most cases, prevent serious infections. The most common causes of bacterial lung infections include Streptococcus pneumoniae, Haemophilus species, Staphylococcus aureus and Mycobacterium tuberculosis. 6 After infection, bacteria bound to the surface of macrophages are rapidly internalised into phagosomes, which engage with endosomal trafficking processes and gradually acquire the characteristics of terminal phagolysosomes, an event concomitant with the death of the microbe. Pulmonary macrophages have a key role in the defence against respiratory infections produced by viruses, bacteria, mycobacteria and fungi. Together with dendritic cells, they are active producers of cytokines and leukotrienes, and have important pro-and anti-inflammatory roles in the alveoli and airway submucosa, respectively. 7 However, some pathogens, such as Legionella spp. and Mycobacteria spp., can alter lysosome trafficking 7 and phagolysosome fusion 8 or even block host macrophage apoptosis by a TNF receptor-dependent mechanism 9 ,10 in order to survive inside cells.
In the last two decades, the rate at which bacteria are becoming resistant to current antibiotic treatments has increased substantially, leading to an urgent need for the development of new antibiotics (World Health Organisation, 2014). Silver nanoparticles are considered as potential therapeutic agents which could have a significant impact on respiratory research and medicine, by offering a multifunctional platform that could simultaneously diagnose and treat bacterial infections. [11] [12] [13] The antibacterial properties of AgNPs have been shown to depend on several physicochemical properties of the particles, including their size, shape, chemistry and surface coating. [14] [15] [16] [17] Currently, the mechanisms by which
AgNPs are able to reduce the activity of bacteria are believed to arise due to a synergistic effect, including both direct particle-specific biological effects and also the release of Ag + ions. 18, 19 However, several discrepancies in the published literature need to be addressed in order to draw accurate links between the physicochemical properties of the particles and the observed biological effects. Moreover, the same properties that make AgNPs excellent antimicrobial agents may also exert adverse effects on pulmonary structure and function. In fact, Ag + ions released from AgNP surfaces have been shown to damage proteins by desulphurisation, generate reactive oxygen species (ROS) 20 or interfere with NO redox equilibria in airway smooth muscle cells in the lung. 21 This oxidative potential may increase the permeability of the lung epithelium to AgNPs, resulting in DNA damage, lipid membrane damage, chromosomal aberrations and cell-cycle arrest.
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The effects of AgNPs on bacteria are commonly evaluated by various in vitro viability measurements, such as minimum inhibitory concentration (MIC), fractional inhibitory concentration (FIC), zone of inhibition test, and the LIVE/DEAD bacterial assays. These assays can provide valuable information about the antibacterial action and potential cellular toxicity of AgNPs. However, more detailed mechanistic investigations of the cellular interactions with AgNPs are necessary in order to provide insights about how to optimise the design of AgNPs for the treatment of bacterial infections. Several reports have illustrated that biophysical interactions may occur between AgNPs and bacteria, such as biosorption, AgNP breakdown or aggregation and cellular uptake. 24, 25 AgNPs can increase the permeability of bacterial cell membranes, penetrate into the cytoplasm and disturb cellular functions. 26 The application of three-dimensional (3D) analytical electron microscopy in this area could be invaluable, because it can provide high spatial resolution information of both the morphology and chemistry of AgNPs. Since the physicochemical properties of AgNPs may change in the cellular environment, sufficient characterization should take place not only for as-synthesized particles but also at the point of exposure, in order to understand what agent of Ag actually interacts with the cells. Moreover, spatially resolved maps of the anatomical distribution and physico-chemistry of AgNPs at the sub-cellular level and observation of In this review, the current literature on the antibacterial mechanisms of AgNPs against Gram-positive and Gramnegative bacteria is summarized. The results of studies on cellular interactions of AgNPs are correlated to the thermodynamics driving the dissolution of AgNPs in complex physiological environments. Furthermore, we discuss the mechanistic information that a range of microscopy techniques (including transmission and scanning electron microscopy, 3D confocal microscopy and dark field microscopy) can provide about the key biological processes involved in bacterial infection of alveolar macrophages, as well as the cellular uptake of AgNPs and the changes to their physicochemical properties occurring within bacteria. Improving our understanding on the mode of biological action of AgNPs and the physicochemical properties by which this is driven, will enable us to design and implement efficient and safe AgNP antibacterial therapeutics for the treatment of lung infections. 
Phagocytic mechanisms and morphological alterations in bacteriainfected macrophages
Since infection is a localized disease, the first step in the design of actively targeted nano-therapeutics would be to understand where bacilli reside in infected lungs. The use of microscopy techniques can provide crucial information about the topography and the biological processes taking place in infected lungs. Bacterial phagocytosis by immune cells is the crucial step in the host defence against microbial invaders.
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The phagosome is a central mediator of both the homeostatic and microbial functions of macrophages. This phagocytic vesicle is programmed to degrade internalized material with high efficiency, through rapid acidification and fusion with lysosomes, which are rich in proteolytic and lipolytic enzymes. However, bacilli have developed mechanisms to escape from phagosomes and enter into autophagosomes for survival and replication. 28 For instance, Yuan et al. demonstrated that autophagosomes play a regulatory role in the clearance of Pseudomonas aeruginosa, a bacterium that frequently infects immunodeficient individuals. 29 In their work, the accumulation of typical autophagosomes with double membranes in infected alveolar macrophages (MS-H) was identified using transmission electron microscopy (TEM) (Fig. 1A) . Together with TEM imaging, the results of bioanalytical assays led to the conclusion that P. aeruginosainduced autophagy represented a protective host mechanism. 29 Recently, the kinetics and mechanical pathways by which macrophages may interact with, and internalize bacteria, was investigated in depth by Moller et al. using a combination of microscopy techniques, including scanning electron microscopy (SEM), differential interference contrast (DIC) microscopy with interference reflection (IRM) and 3D confocal microscopy (CM). 30 Their findings revealed a multistep process in which macrophages used filopodia as phagocytic tentacles to sense and form long-lived interactions with surface-adhering bacteria (Escherichia coli). In the same work, fluorescence microscopy showed that Legionella pneumophila could enter macrophages through a cholesterolsensitive pathway, thus avoiding immediate digestion inside lysosomes by interacting with the autophagy pathway of the host cells.
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Mycobacterium tuberculosis (M.tb) is the causative agent of tuberculosis, one of the most devastating infections in the lung. 31 It is well-known that M.tb bacilli may spread infection by arresting phagosome maturation. 31 Infected macrophages present an increase in the retention of host lipids, which provides a potential source of nutrients that could be accessed by bacteria. Confocal microscopy and TEM imaging revealed the presence of a great number of lipid droplets throughout the cytoplasm of infected macrophages (Fig. 1B) . 32 Apart from inhibiting phagosome maturation as a survival strategy, M.tb may interfere in processes linked to cell death, such as apoptosis. Apoptosis is considered as a mechanism whereby the host cell can contain the infection and eliminate it before it can spread further throughout the body. 33 As shown in Fig. 1C -E, cells infected with virulent (H37Rv) M.tb strains present morphological perturbations in the ultrastructure of mitochondria, such as increased electron density, clear definition of the cristae and inter-mitochondrial fusion. These findings suggest an augmentation in the functional activity of mitochondria, which could be linked to an inhibition of the apoptotic response. 34 Lee et al. investigated the characteristics and determinants of macrophage cell death caused by M.tb, using TEM and SEM ( Fig. 1F and G). 33 Their study provided evidence that cell death caused by virulent M.tb was distinct from classical apoptosis. The authors suggested a mechanism based on the permeabilization of lysosomal membranes, followed by the destruction of lipid bilayers and a concomitant degradation of several phospholipid species. 33 In conclusion, the use of confocal and electron microscopy techniques can provide important information about key biological signals involved in bacterial infection. Cellular mechanisms taking place in infected host cells, such as autophagy or inhibition of phagosome maturation, can be observed using high resolution imaging. Together with data obtained from cytotoxicity assays (e.g. mitochondrial activity measurements), imaging revealing the ultrastructural morphology of cellular organelles, can provide a broader understanding about the pathways of cell death. Moreover, the use of techniques such as immunolabelling, could help identify molecular ligands involved in the cellular uptake of bacteria. This information could have a pivotal role in the identification of the appropriate targets for the development of antibacterial drugs based on AgNPs. Finally, in future studies, analytical TEM techniques will be indispensable in the study of the intracellular localization, and the morphological and chemical stability of AgNPs applied to bacteria-infected cells.
The thermodynamics of dissolution of AgNPs
In order to understand and predict how AgNPs behave in biological environments, it is also essential to understand the thermodynamics driving the dissolution of this material and how this is related to the physicochemical properties of the particles and environmental conditions. Several factors such as ionic strength and composition of the dispersion medium, [35] [36] [37] [38] pH, 39,40 dissolved organic matter, 41 relative humidity, 42 dissolved oxygen concentration 43 and temperature 44 have been shown to alter the properties and dissolution rates of AgNPs and are consequently expected to affect their bioreactivity. Size, charge, and surface modifications of metallic AgNPs have been shown to affect their cytotoxicity. 43, [45] [46] [47] Under environmental and physiological conditions, metallic silver is not thermodynamically stable but has been shown to oxidize and release Ag + ions, which are often considered as the main active species in the biological action of Ag. 48 Liu and Hurt have shown that the dissolution of AgNPs is a cooperative oxidation that involves both protons (H + ) and dissolved oxygen (O 2 ). 39 They suggested that in simple aqueous solutions containing no other oxidants or reductants, the global reaction stoichiometry is:
Recently, Zhang et al. developed a kinetic model to describe Ag + release, based on the hard sphere theory. 49 They proposed that the oxidation reaction can be expressed by first-order reaction kinetics and therefore, the Ag + release rate can be described by the Arrhenius equation:
where is the Ag + release rate (mol L 
Eqn (6) reveals that Ag + release rates are inversely proportional to the primary particle size, but also depend on the concentration of AgNPs as well as environmental factors, such as temperature, dissolved oxygen and pH. Therefore, it is not surprising that particle size may dictate the toxicity of AgNPs, as reported by several studies, where a more pronounced bioreactivity of AgNPs was observed for particle size lower than 10 nm.
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Unravelling the antibacterial mechanisms of AgNPs 45 However, by removing the oxygen from the system, the redox active surface of AgNPs could lose its capability for generating reactive oxygen species (ROS), which has also been linked to their toxicity, 55 as discussed in the following paragraphs. By not taking this factor into account, this study cannot completely isolate particulate and ionic effects. The above findings suggest that the antibacterial activity of AgNPs could be controlled by modulating Ag + release, possibly through the manipulation of oxygen availability, coating agents or NP size. The mechanism by which Ag + ions permeate the cell wall, is thought to be due to a strong interaction between ionic Ag + and thiol groups of cysteine residues of proteins present in the bacterial cell wall. This may lead to the disruption of Some authors have also suggested ROS generation directly from the AgNPs. In one study, where the toxic effects of Ag + ions, AgCl and AgNPs on nitrifying bacteria were investigated, the authors reported that all forms of Ag were able to induce intracellular ROS generation. 55 The bacterial inhibition of each form of Ag was correlated with the corresponding concentration of intracellular ROS. However, at the same concentration of ROS, AgNPs were more toxic than the other forms of Ag, indicating that additional mechanisms contributed to the overall toxicity. 55 The formation of the superoxide anion, but not of hydroxyl radicals, observed for Ag + ions, 64 was also observed for E. coli treated with AgNPs. 67 In contrast to these findings, other authors claim that ROS production has a negligible contribution to the antimicrobial properties of AgNPs. Sintubin et al. showed that only a small amount of ROS were induced by the presence of AgNPs and an even smaller amount was produced in the presence of Ag + ions alone. 68 Taken together, these findings could support the hypothesis that the bacterial properties of AgNPs arise mainly due to Ag + ion release from their surface. Morones et al. supported this hypothesis, demonstrating that Ag + ions were more toxic than AgNPs to S. aureus bacteria, in relation to bacterial growth. 24 TEM imaging revealed that the ultrastructural changes observed in AgNP-treated bacteria were similar to those induced by Ag + ions: detachment of the cytoplasm membrane from the cell wall and formation of a low density region, rich in agglomerated DNA, 69 which protects DNA molecules from damage induced by external stimuli. Similarly, low molecular weight proteins can also accumulate around the nucleus as a response to Ag + ion attack.
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Direct particle-cell wall interaction
Although the principal mode of antibacterial activity of AgNPs involves the release of Ag + ions, studies have demonstrated that the mechanism by which AgNPs interact with bacteria involves a combination of both chemical and physical interactions. 16 The small size and extremely large surface area of AgNPs allows them to make strong contact with the bacterial cell wall. 71 Several studies have reported that AgNPs are able to adhere to the plasma membrane, change its permeability and penetrate inside the cytoplasm. Taglietti et al. pointed out that two factors need to be considered, the release of Ag + ions in the exposure medium, referred to as a "long-distance mechanism", but also a "shortdistance mechanism" at the particle-bacterial membrane interface. 74 Some authors suggested that this short-distance effect arises due to enhanced dissolution of the AgNPs close to the bacterial cell wall. 16 Recent studies have provided new insight that may link the discrepancies existing on the relative effect of AgNPs and Ag + ions on toxicity. 16, 18 Bondarenko et al. examined the effect of three types of AgNPs (uncoated, PVP-coated and protein-coated) against six bacterial strains (Gram-negative: E. coli, P. fluorescens, P. putida and P. aeruginosa and Gram-positive: B. subtilis and S. aureus). Their data demonstrated that direct contact between the bacterial cell and AgNPs enhanced the toxicity of AgNPs because the amount of internalized Ag + ions released from the particle surface increased, which could be driven by the proton motive force of the bacterial membrane that decreases the local pH to as low as 3. 18 Similarly, Ivask et al. analysed the amount of bioavailable Ag inside bacterial cells using bacterial bioreporters and showed that the concentrations of bioavailable Ag were substantially higher than the amount predicted based on the concentration of (abiotic) dissolved silver from the same NPs. 16 These findings suggest that the particle-cell interface plays an essential role in the antibacterial action of AgNPs and therefore support a synergistic effect between AgNPs and Ag + ions where the AgNPs can deliver a localised ionic dose to the cell. 18 The low local pH around bacterial membranes is expected, according to eqn (6) , to lead to higher AgNP dissolution rates. However, in our previous work, low pH values promoted the aggregation and coarsening of 20 nm citrate-capped AgNPs. 75 As discussed in the section "Particle size," this would compromise the ability of AgNPs to bind on bacterial cell walls. 76 Therefore further investigation is necessary in order to deconvolute the effects of each parameter on the bioreactivity of AgNPs. Particle size is considered as one of the main physicochemical properties that affect the bactericidal behaviour of AgNPs, as explained by eqn (6) . 15 Metal particles with smaller diameters present a very high surface area compared to larger particles, potentially increasing their overall reactivity. 77 Morones et al., for instance, demonstrated that the binding strength of particles to bacteria was dependent on the surface of interaction. 24 Four types of Gram-negative bacteria (E. coli, V. cholera, P. aeruginosa and S. typhus) were exposed to AgNPs in the range of 1-100 nm and examined by complementary analytical electron microscopy techniques, including TEM in combination with elemental mapping analysis and high angle annular dark field (HAADF) scanning transmission electron microscopy (STEM). The combination of these techniques provided spatially resolved maps showing the morphological changes of bacteria following incubation with AgNPs, and the anatomical position of AgNPs inside the cell.
Only the smallest particles, with diameters of 1-10 nm, were found on the surface of the cell wall and inside the bacteria. The presence of very small (∼1 nm) AgNPs was detected using HAADF-STEM, a technique in which images are formed by electrons that have been scattered to high angles, due to Rutherford scattering. As a result, the intensity of the images is related to Z 2 , which provides high contrast between metallic silver and organic material. 78 The authors suggested that the mechanism through which AgNPs were able to penetrate into E. coli was mediated by changes to the structure of the cell wall, which led to an increase in its permeability. 25 In another report, however, AgNPs from 20 nm up to 80 nm were able to penetrate through the inner and outer membrane of P. aeruginosa, suggesting that bacteria may also internalize larger particles. 26 The data produced in both studies did not provide enough details about the structural damage induced to the cell membrane or possible differences in the uptake mechanism of AgNPs of different sizes. Moreover, the aggregation states of AgNPs in the media used in the two studies were not characterized, which could be another factor that affects their uptake. The effect of aggregation was demonstrated for E. coli exposed to 20-30 nm citrate-coated AgNPs, which were compared to citrate-and polycyclic aromatic hydrocarbon (PAH)-coated gold nanoparticles (AuNPs). TEM and field emission scanning electron microscopy (FEG-SEM) revealed that the binding of Ag or AuNPs to bacteria was different depending on their aggregation state. PAHcoated AuNPs were found to be more strongly bound to cell walls and penetrated more readily inside bacteria than citrate-capped AgNPs, which tended to aggregate more readily. 76 Consequently, further research is needed in order to understand if the interaction of AgNPs with bacterial membranes or their internalization is size-dependent and what is the role of aggregation. Determining the optimal particle size for enhanced interaction between AgNPs and bacteria will enable an increase of their antibacterial activity while keeping the dose as low as possible. The use of 3D imaging techniques (e.g. electron tomography, focused ion beam scanning electron microscopy) would be beneficial for this purpose, as they can provide valuable information about the interaction dynamics of NPs with and within the cells, which can be limited or lost in the case of 2D imaging. Effects of the cell wall structure. Although particle size might play an important role in the penetration of AgNPs inside bacteria, structural differences in the organization of bacterial cell wall may also influence this interaction. Gramnegative bacteria have a thin peptidoglycan layer (∼2-3 nm) between the cytoplasmic membrane and the outer membrane. 79 In contrast, Gram-positive bacteria lack the outer membrane, but have an outer peptidoglycan layer about 30 nm thick. 80 The thicker cell wall of Gram-positive bacteria acts as a barrier protecting the cell from penetration of AgNPs or Ag + ions into the cytoplasm. Therefore, Grampositive bacteria are expected to be more resistant to the action of AgNPs. The bacterial strain may also modulate the bioavailability of Ag + ions liberated from AgNPs by altering:
(i) the extracellular dissolution of AgNPs via bacterial exudates (organic acids, peptides, biosurfactants) or (ii) the cellular uptake of Ag + ions via cell-NP interactions which are controlled by the structure and charge of the cell wall.
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Effects of surface coatings and charge. The differences between the cell wall structure of Gram-positive and Gramnegative bacteria suggest that the surface chemistry of AgNPs could also affect their antibacterial activity. 43, 46 The surface charge and coating of AgNPs is a significant factor that could govern the particle-membrane interactions and subsequently the antibacterial effects of AgNPs, supporting the hypothesis that particle-cell contact may indeed play a role in modulating the reactivity of AgNPs. 19 Bondarenko et al.
compared PVP and protein (casein)-coated colloidal AgNPs and showed that the antibacterial potency of collagen coated AgNPs was greater than PVP coated AgNPs, which was attributed to differences between the affinity of each nanoparticle type to the cell wall. 18 Xiu et al. also showed that the survival rates of E.Coli to AgNPs was higher for PVP-AgNPs compared to PEG-AgNPs, however the particle diameters were not comparable. 45 In one study, electron microscopy demonstrated that the bacterial cell wall of E. coli tended to attract and accumulate positively charged PAH-coated AuNPs rather than negatively charged citrate-capped AgNPs. 76 The carboxyl phosphate and amino groups on the cellular membrane of Gram-positive and Gram-negative bacteria give them a negative surface charge. 79 The bacterial cell wall would consequently form an electrostatic barrier that limits its interaction with negatively charged AgNPs, but enhances it with positively charged AgNPs. 
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and were responsible for ROS generation at the cell membrane. 16 Positively charged surface coatings have been shown to play a key role in accelerating cell wall breakdown and cytoplasm release. 76 For example, cationic polymer-stabilized AgNPs bind to the negatively charged bacterial surface via electrostatic interactions. 81 However, the potential of using these coatings for biomedical applications remains an obstacle due to the high cytotoxicity of the polymers. 82, 83 One alternative to overcome this problem would be the use of peptides or polysaccharides containing amine groups. 84 In one study, a pronounced destruction of the bacterial cell wall was observed in P. aeruginosa exposed to chitosan-coated AgNPs using SEM. 84 Bacitracin A (BA) and polymyxin E (PE) are polypeptides with cationic macrocyclicamido groups, which are known as antimicrobial peptides (AMPs). These peptides were used by Mei et al. in the synthesis of functionalized AgNPs for the treatment of both Gram-negative (E. coli and P.
aeruginosa) and Gram-positive bacteria (S. aureus and B. amyloliquefaciens). 85 The immobilization of both peptides on the AgNP surface increased their antibacterial activity up to a 10-fold without symptoms of bacterial resistance. Fluorescence microscopy and TEM revealed that BA/PE-AgNPs were localized on the surface of bacteria and inside the cytoplasm. The membrane appeared seriously damaged, showing an undulating appearance and vesicles emanating from the cell wall, while some specimens were more severely damaged and showed cytoplasmic release (Fig. 2) . The major target sites for antimicrobial agents are often present at the outermost layers of the bacterial cell. The cell wall of Gram-positive bacteria is rich in teichoic acids, whose main function is to provide rigidity by attracting cations such as Mg 2+ . 86 AMPs are considered excellent antimicrobial agents 87, 88 because their macrocyclicamido groups can participate in metal-ligand pbonding, producing a complex with Ca 2+ and Mg 2+ cations.
Therefore, it has been suggested that BA and PE on the AgNP surface can chelate Mg 2+ and Ca 2+ and extract them from the original binding sites in teichoic acids, thus damaging the bacterial cell wall. 85 Moreover, the same study showed the presence of BA/PE-NPs in the bacterial nucleoid. These findings suggested that AgNPs could bind to ribosomes and chromosomes, resulting in an inhibition of ribosomal function and a suppression of DNA replication, ultimately causing cell death. 24 The important role that organic surface coronas surrounding nanoparticles may play towards controlling nanomaterial properties for biological applications has also been demonstrated by Daima et al. 17 AgNPs were modified by the surface corona of biologically active polyoxometalates (POMs), which enhanced the damage to bacterial cells due to a synergistic antibacterial action of AgNPs and POMs. SEM micrographs revealed significant physical damage to treated bacterial cells, such as big holes in the bacterial structure or even complete disintegration. The modified AgNPs were toxic to both Gram positive and Gram negative bacteria, while being biocompatible with PC3 epithelial mammalian cells, suggesting their potential towards specific antimicrobial targeting. 17 Therefore, surface coatings will affect the dissolution rates, bioavailability and aggregation state of AgNPs in vitro and in vivo. AgNPs aggregation or dispersion in cell culture media can be controlled by modifying their surface properties (i.e. hydrophobic or hydrophilic coatings), altering their uptake inside cells by changing their contact with the cell membrane. In fact, some publications have demonstrated how polymer stabilizers may play an important role in determining the toxicity of AgNPs by reducing the exposure of cells to particles. 46 The surface properties of AgNPs may govern to a large extent their interaction with bacterial cell walls via electrostatic attraction, by complexation of metal cations localized on the cell wall, or through the interaction with sulphur-containing membrane proteins. Regardless of the exact mechanism involved, it is clear that AgNP and bacterial cell wall interactions increase the permeability of the cell wall and consequently lead to its disruption. In summary, published literature has provided enough evidence that the release of Ag + ions from the surface of AgNPs may be regarded as the main mechanism of antibacterial activity of AgNPs. However, it is becoming increasingly clear that dissolution of AgNPs in the exposure medium cannot wholly account for the observed antimicrobial effects. Additional effects at the particle-bacterial membrane interface and inside the cells seem to play a role in the action of AgNPs. Therefore, a synergistic effect between Ag + ions and
AgNPs must be considered in order to obtain accurate conclusions on the antibacterial pathways. Recent findings illustrate the importance of membrane interactions in the antimicrobial activity of AgNPs, as they can translocate across, and become internalized, directly through the cytoplasm or inside vesicles, where their subsequent dissolution driven by an oxidising and acidic pH at the plasma membrane could lead View Article Online to very high local concentrations of Ag + ions. 16 Further research is necessary in order to understand the exact physicochemical and cellular mechanisms underlying these interactions and how they can be exploited in the design of therapeutic AgNPs.
Importance of materials characterization
Given that several physicochemical properties of AgNPs have been shown to influence their bioreactivity, characterisation of these properties in biological systems and in cell culture media at the point of exposure will be paramount in order to draw accurate conclusions about their biological activity. 35, 37 Inductively coupled plasma mass spectrometry and optical emission spectroscopy (ICP-MS and ICP-OES) or atomic absorption spectroscopy (AAS) techniques are commonly used to correlate the dissolution rate of AgNPs with their toxicity profiles. Table 2 shows that a wide variety of experimental setups and analytical methodologies are employed in in vitro studies to quantify the amount of Ag + ions released from AgNPs. However, there are some discrepancies in the data provided by different authors, probably due to the use of inconsistent methodologies, an improper NP characterisation or the lack of dose response considerations in in vitro systems. This might explain, to some extent, why inconsistent dissolution rates are observed even when the same types of AgNPs are used. For instance, in the case of 10 nm citrateAgNPs, different dissolution percentages were measured by UV-vis absorption spectroscopy and AAS, which required a previous centrifugation step. 16 Due to the small size of Therefore, non-interacting buffers (e.g. perchlorate buffer solutions) are needed when studying the dissolution rates of AgNPs in in vitro studies, with an understanding that significant sequestering of free Ag + ion will occur in the in vivo environment. The same study also investigated how different sources of sulphur in the cellular environment can lead to transformations of the surface chemistry of AgNWs, using a set of spatially resolved analytical TEM techniques. The formation of silver sulphide (Ag 2 S) crystals on the surface of AgNWs within 1 h of incubation in DCCM-1 was identified by high resolution TEM ( Fig. 3D and E) . In contrast, incubation of AgNWs in RPMI-1640 or DMEM did not lead to sulfidation. These findings highlight the need to consider the effects of cell culture media in the analysis of toxicity assays, as well as the potential of high resolution analytical TEM for the detection of insoluble silver species, in contrast to ICP-OES. 89 Determining the fundamental physicochemical properties of AgNPs (e.g. size, coating and surface properties) in biological systems will be vital to understand their bioreactivity and antibacterial activity. When performing biological assays, the oxidation kinetics of AgNPs must be studied under the same biological conditions employed in the assay. To achieve this, standardized protocols need to be developed, that combine different techniques such as ICP-MS, UV-vis and high resolution imaging. There is also an urgent need to develop methods for the quantification of oxidation rates of AgNPs inside cells. In most of the published results, it is difficult to distinguish between the effects induced by AgNPs and/or Ag + ions, because it is unclear whether NP dissolution occurs in the extracellular medium before uptake or intracellularly following ingestion. Recently, our group used ion-sensitive fluorescent dyes combined with confocal microscopy to visualize the amount of ionic Zn 2+ released from ZnO NWs inside human macrophages. 90 On the other hand, the development of a sensitive and selective colorimetric Ag + detection method is still under research. Application of these methods could provide fundamental insight into the mechanisms by which AgNPs exert their biological effects by deconvoluting the effects of Ag + ions and particles.
Conclusions and perspectives
The information presented in this review provides strong evidence to conclude that AgNPs present an exciting opportunity as antibacterial agents in biomedical applications. Further research is required to improve our understanding on the stability of AgNPs and the kinetics of Ag + ion release in biological environments. AgNPs are highly dynamic systems, whose properties can undergo dramatic changes when incubated in biological media, leading for example to aggregation, the formation of biomolecule coronas or the precipitation of insoluble Ag species. Consequently, characterization of as-synthesized AgNPs alone is not enough to predict their biological activity. Appropriate characterization should also take place in the cell culture media and under the same conditions (e.g. temperature, time) as used in in vitro studies. Experimental techniques which have been commonly used in the past for AgNP characterization, such as atomic absorption spectroscopy or dynamic light scattering, have been proven to possess limitations in detecting transformations in the physicochemistry of AgNPs in different biological environments; therefore several complementary techniques need to be used. Moreover, characterization of AgNPs at the particle-cell interface to investigate possible transformations of the particles at the cellular environment can provide valuable information about the interactions of AgNPs with cellular components. Additionally, results on the mechanism of antibacterial action of AgNPs remain inconclusive, with further studies necessary to investigate the synergistic effect between AgNPs and Ag + ions, in order to provide a holistic understanding of the system interactions and elucidate how the physicochemical properties of AgNPs affect bacterial responses. Similar discrepancies also exist in cytotoxicity studies evaluating the biological effects of AgNPs in host cells. Therefore, the focus should be placed on bridging the gap between toxicological studies and analytical techniques. While traditional cytotoxicity assays are extremely useful to evaluate the biological activity of AgNPs, new approaches based on the correlative application of high spatial and energy resolution analytical microscopy techniques may offer an improved understanding of the mechanisms by which AgNPs interact with cells, and can guide the selection of particular toxicological assays to test. For example, cytoplasmic localization of AgNPs could be correlated with plasma membrane permeability and reactive oxygen species (ROS) generation; mitochondrial AgNP localization could be related to measurements of mitochondrial membrane potential; or nuclear localization of AgNPs could be correlated with genotoxicity assays. 16 Imaging and analysis also allows us to determine whether the toxicological findings relate directly to the location of AgNPs in the cell, or whether they are more general. The development of new methods for the quantification of Ag + ions released intracellularly will also prove invaluable in discriminating between the effects of AgNPs and Ag + ions.
Understanding which properties of AgNPs drive their bioreactivity will enable their optimization as antimicrobial agents and will guide the development of these materials in nanomedicine and for environmental applications. For instance, the antibacterial effects of AgNPs may be strongly improved by using AgNPs coated with specific groups that enable their binding to cations or sulphur containing proteins present on the bacterial membrane, or by increasing the electrostatic interaction with the negatively charged cell wall. Moreover, treatment of bacterial infections is difficult due to the lack of known cellular targets of infected cells. Further research to identify these targets could lead to the design of novel antibacterial agents based on AgNPs coated with ligands that target specific receptors. One of the reasons which make AgNPs attractive as antibacterial agents is the fact that bacteria are not likely to become resistant to silver like antibiotics, due to the wide range of possible interactions of Ag + ions with biomolecules.
The biggest challenge will be to determine the "therapeutic This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.
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window" where AgNPs can be used as antibacterial therapeutics for infected cells without affecting the metabolism of healthy cells. 57 AgNPs have been identified as a possible exposure hazard 91 and they have been shown to cause inflammation in the lung following inhalation. In inhalation studies using rodents, AgNPs induce pulmonary inflammation with mixed cellular infiltrates and decreased minute volumes, leading to the development of pulmonary function abnormalities. [92] [93] [94] Recently, Wang et al. compared the effects of 20 and 110 nm AgNPs and demonstrated more acute pulmonary effects of the smaller particles, whereas the 110 nm particles induced mild pulmonary fibrosis. 95 The authors suggested that these differences arose due to a difference in the rate at which Ag + ions were released from the particles. Consequently, controlling the reactivity of AgNPs will depend on controlling the size and surface chemistry of AgNPs.
Undeniably, AgNPs hold a great potential for the development of novel treatment options for bacterial infections. There are certainly still several challenges to overcome in the design of AgNPs for medical applications, but a high control over their properties, an improved fundamental understanding of their bioreactivity pathways and the application of advanced and accurate nanometrology may hold the key that will open the door for the development of safe AgNP platforms for therapeutic treatment and bio-imaging applications.
